Single-chain variable fragments of antibodies (scFv) specific to 2,4-dinitrotoluene (DNT) were isolated from a phage library displaying synthetic human scFv fragments with 6 diversified complementary determining regions (CDRs). A DNT derivative that contained an extended amine group was synthesized and conjugated to the NHS-group that was linked to magnetic beads. Phages specific to the immobilized DNT derivatives were isolated from the library after 4 rounds of sequential binding and elution processes. The displayed scFv fragments from the isolated phages showed consensus CDR sequences. One DNT-specific scFv was expressed in E. coli and purified using Ni-affinity chromatography. The purified DNT-specific scFv binds specifically to the immobilized DNT-derivative with K D value of 6.0 × 10 −7 M. The scFv and DNT interaction was not disrupted by the addition of 4-nitrotoluene or benzoic acid. These data demonstrate that the screened scFv from the phage displayed library could be used for selective and sensitive detection of explosives such as TNT.
Introduction
Effective detection of 2,4,6-trinitrotoluene (TNT) is required for public safety and health because it is the most widely used explosive that produces toxic effect for humans.
1,2
Currently, gas chromatography coupled with a mass spectrometer, HPLC, or other analytical device is used for nitroaromatic explosive compound detection. 3, 4 However, these methods involve time-consuming extraction steps and require a laboratory facility, which limits rapid on-site detection. For the development of an explosives detection system, 2,4-dinitrotoluene (DNT) has been considered a target molecule for recognition elements because it is a major impurity of military grade TNT as well as has higher vapor pressure and stability compared to TNT.
5,6
Various explosives detection methods have been developed using DNT or TNT-specific biopolymers, such as peptides or antibodies. Short peptides specific to DNT have been isolated from a phage display screen using immobilized DNT as bait, and these peptides showed specific binding to DNT in solution as well as in the gas phase. 7, 8 Polyclonal antibodies raised against DNT-coupled KLH as the antigen could be used for DNT detection in solution by ELISA or surface plasmon resonance methods.
9,10 These DNT-specific polyclonal antibodies showed selectivity against other compounds containing nitro groups, and had dissociation constants of 0.12-3.7 × 10 −7 M, 10 which are slightly lower than the K D values of DNT-specific peptides. 8 The higher affinity of antibody to peptide is expected because a 3-dimensional pocket structure consisting of at least 6 CDRs would provide more specificity and affinity than the binding moieties of peptides, which consist of linearly located amino acids. However, polyclonal antibodies are assumed to have some limitations in sensing material due to their lower stabilities compared to synthetic polymer or peptides. In addition, using genetic manipulation to enhance the sensitivity and selectivity of polyclonal antibodies is restricted due to the complication of obtaining the cDNAs of specific polyclonal antibodies.
The antigen recognition domain of an antibody consists of diverse variable fragments of heavy and light chains that could be constructed as a single chain polypeptide (scFv).
11
The scFv represents the antigen-binding domain of the antibody and consists of 6 variable heavy and light chain CDRs. The 6 CDRs of scFv have been constructed as random sequences, and the resulting diversified scFvs were fused at the N-terminus of the pIII protein of M13 phages resulting in scFv-displaying library with a diversity of 7.6 × 10
9
. 12 This library has been successfully used to identify scFvs that specifically bind to target proteins or chemical compounds using a biopanning method. Because scFv is much smaller than immunoglobulin and lacks a flexible loop, scFv is considered much more stable than an intact antibody. Furthermore, the selectivity and affinity of the selected scFv to target molecules can be significantly enhanced by genetic engineering using the cDNA representing the scFv.
13
In this study, we have isolated M13 phages from the M13 scFv-displaying library using a DNT derivative immobilized on magnetic beads. The cDNA representing the scFv region was cloned, expressed in E. coli, and purified. The binding properties of the purified scFv to DNT were determined. The identified scFv or its genetic variants could be used as sensing material for TNT-based explosives.
Materials and Methods
Materials. NHS-activated magnetic beads were obtained from Bioclone, Inc. (San Diego, CA). The M13 phage library displaying scFv with randomized amino acid sequences at 6 CDR regions was prepared by the previously described method. 12 We synthesized 4-(2,4-dinitrophenyl)butan-1-amine from benzyl bromide by the previously described method.
8 The Q-Sense His-Tag capturing QCM-D sensor (QSZ340) was purchased from Biolin Scientic AB (Sweden). All other reagents used were of reagent grade.
scFv-Displayed M13 Library Biopanning Using DNT Derivative on Magnetic Beads. Magnetic beads (1 mg/mL) linked with the NHS-group were conjugated with (1 4-(2,4-dinitrophenyl)butan-1-amine (1 mM) by incubating for 2 h at 25 o C in reaction buffer (10 mM HEPES, pH 7.9). The conjugation reaction was terminated by incubating for 1 h in 100 mM glycine. The covalently modified 4-(2,4-dinitrophenyl)butan-1-amine magnetic beads were recovered using a magnet and were washed with buffer A (50 mM Tris-HCl, 150 mM NaCl, pH 7.4). Approximately 0.1 mg of conjugated beads were incubated for 1 h at room temperature with 500 μL of M13 scFv phage display library (1.5 × 10 13 pfu/ mL) in buffer A, and then washed 5 times with buffer A. The bound phages were eluted after incubating for 10 min with 0.1 mL of triethylamine and neutralized by adding 0.1 mL of 1 M Tris-HCl (pH 7.4). The eluted phages were applied again to the 4-(2,4-dinitrophenyl)butan-1-amine conjugated magnetic beads for a second round of biopanning, and the bound phages were eluted as described above. The 3 rd and 4 th biopanning rounds were performed similarly, except buffer A contained 0.2% Tween 20. To determine the titer of the eluted phages, 1 μL of eluted phage solution was mixed with 1 mL of mid-log phase ER2537 E. coli cells for 30 min at 37 o C, and then plated on LB plates containing carbenicillin. The phage DNAs from ER2537 colonies harboring specific M13 phages were purified using a DNA isolation kit (Qiagen, USA). The sequences of the isolated phage DNAs were determined, and the displayed peptide sequences were deduced from the DNA sequence.
scFv Expression and Purification. The scFv protein from the selected M13 phage was prepared as described previously.
12 Briefly, a single ER2537 colony harboring a scFv clone in the pComb3X vector was inoculated and grown at 37°C in 1 L of LB carbenicillin media, until the absorbance at 600 nm was 0.5. scFv protein expression was induced by adding 1 mM IPTG, and the cultures were allowed to grow overnight at 30°C. After harvesting the cells by centrifugation, the cell pellet was resuspended in 10 mL of ice-cold TES buffer (50 mM Tris, 1 mM EDTA, 20% sucrose, pH 8.0). Cold 0.2 × TES buffer (15 mL) was subsequently added. After incubation for 30 min, the suspension was centrifuged and the supernatant containing the periplasmic fraction was loaded onto Ni-NTA agarose columns (Novagen). The scFv protein was eluted from the column using 200 mM imidazole in equilibration buffer (50 mM Tris-HCl, pH 7.4).
Quartz Crystal Microbalance with Dissipation (QCM-D) analyses. The specific binding of DNT to isolated scFv was examined using QCM-D. Purified His-tag labeled scFv (1.5 mg/mL, 10 mM MES, pH 6.5) was immobilized onto the His-Tag capturing QCM-D sensor (QSZ340) using a 50 µL/min flow rate. After washing the unbound scFv using 10 mM MES (pH 6.5), 1 mM DNT in the same buffer was applied at a ow rate of 30 μL/min, and the resonance frequency change was monitored at 25 °C using a Q-Sense E4 system (Biolin Scientic AB, Västra Frölunda, Sweden).
Affinity Determination. The affinity of purified scFv to DNT was analyzed by measuring the amount of bound scFv compared to immobilized biotinylated DNT derivative. NHSbiotin (1 mM in 100 mM HEPES, pH 7.5; Pierce, USA) was reacted with 4-(2,4-dinitrophenyl)butan-1-amine (5.0 mM) for 3 h at room temperature. The reaction was terminated by adding 20 mM glycine to inactivate any residual NHS-biotin. The reaction product was added to streptavidin-coated 96-well plates. After incubation for 1 h, the plate was washed and incubated with different concentrations of scFv solution. After washing, the wells were incubated for 1 h at room temperature with the HRP-labeled His-tag antibody. The color development reaction was performed using TMB solution (Sigma, USA), and the absorbance of each well was measured at 450 nm using a TRIAD microplate reader (Dynex Technologies, VA, USA).
Results and Discussion
DNT Derivative Immobilization on Magnetic Beads and Biopanning of Phage Display Library. 4-(2,4-Dinitrophenyl)butan-1-amine (Fig. 1) , a derivative of DNT, was prepared as previously described. 8 The amine group of the DNT derivative was covalently attached to the NHS group linked to magnetic beads (Fig. 1) . The DNT-attached magnetic beads were used for biopanning of scFv-displayed M13 phage library. The biopanning process consisted of binding, washing, and elution steps that were repeated for 4 rounds. During this process, eluted phage amplification was omitted to minimize uneven distribution of the eluted phages due to different growth rates of phages.
14 The phage titer before and after each round of biopanning decreased from 1.0 × 10 13 cfu/ml to 0.2 × 10 9 cfu/mL ( Fig. 2(a) ). The ratio of input phages to eluted phages increased gradually after each round and was saturated after the 3 rd round of biopanning ( Fig. 2(b) ), indicating that the fraction of DNT-specific phages was enriched during the biopanning process. After the 4 th round of biopanning, 8 clones of the M13 phages were selected, and their DNA was sequenced. Among them, 3 clones (DNT-scFv-2), and 2 clones (DNT-scFv-3) showed identical sequences. Rest of them (DNT-scFv-1, DNT-scFv-4 and DNT-scFv-5) showed unique sequences ( Table 1 ). The presence of degenerated sequences indicated that these phages displaying DNT-specific scFvs were selectively isolated.
scFv Protein Expression and Purification from the Identified Phage Clones. To prepare the scFv proteins from the identified M13 phage clones, we examined the expression level of scFvs. The 5 different scFv clones (DNT-scFv-1-5) were expressed in E. coli, and their expression was measured by western blot analyses using the His-tag antibody that recognizes the 6-histidine sequence at the Cterminus of the scFv protein. Among the 5 clones, only 2 clones expressed substantial levels of scFv ( Fig. 3(a) ). The poor expression of the 3 clones is likely due to the early termination at the amber codons that occur 1-2 times in the reading frame. The 2 scFC clones (DNT-scFv-2 and DNTscFv-3) that showed high expression levels were further purified using IMAC columns. As shown in Figure 3 (b), proteins efficiently purified to > 90% homogeneity. When the purified proteins were analyzed by size-exclusion chromatography, they appeared to be monomers (data not shown).
Characterization of Purified scFvs Binding to DNT. To examine the sensitivity of the purified scFvs to DNT, we determined the binding affinity of the purified scFv proteins to DNT-biotin immobilized on streptavidin-coated plates. The amount of bound scFvs on the DNT immobilized plate was measured using His tag and HRP-labeled anti-mouse antibodies. As shown in Figure 4 (a), one of the purified scFv proteins, DNT-scFv-3, exhibited a concentration-dependent binding curve. The apparent dissociation constant of scFv to immobilized DNT was calculated as 6.0 × 10 −7 M. The other scFv protein, DNT-scFv-2, failed to show specific binding to immobilized DNT-biotin (data not shown). Therefore, DNTscFv-3 was further characterized.
The selectivity of DNT-scFv-3 against DNT over other DNT-scFv-1 (1)
The amino acid sequences of the 6 CDRs (H1, H2, H3, L1, L2, and L3) deduced from the 8 clones are represented as single letters. The randomized amino acid positions are indicated in capital lette organic molecules containing a benzene ring was also examined. The amount of bound DNT-scFv-3 on the DNTimmobilized plate was measured in the presence of DNT, TNT, toluene, 2-nitrotoluene, or benzene. In the presence of 5 μM of DNT or TNT, DNT-scFv-3 binding was completely blocked, indicating that both DNT and TNT efficiently bind to DNT-scFv-3 ( Fig. 4(b) ). However, 4-nitrotoluene and benzoic acid failed to interfere with the binding of DNTscFv-3 to DNT, indicating that DNT-scFv-3 shows higher selectivity over 4-nitrotoluene or benzoic acid. Direct Binding Measurements of DNT to Surface Immobilized DNT-scFv-3 Using QCM-D. To use DNTscFv-3 as an explosives sensor recognition molecule, surface immobilized DNT-scFv-3 should bind to free DNT. To examine whether DNT can bind to the surface immobilized DNT-scFv-3, the frequency change of a quartz crystal resonator coated with DNT-scFv-3 was measured using a quartz crystal microbalance with dissipation (QCM-D) (Biolin Scientic AB, Västra Frölunda, Sweden). The 6-His sequence at the C-terminus of DNT-scFv-3 binds the NTA-group coated on the surface of the quartz crystal chip, and the reduced frequency due to attachment of DNT-scFv-3 was readily detected (Fig. 4(a) ). When 1 mM DNT was applied to the immobilized chip with DNT-scFv-3, a frequency change (Δf) was observed, indicating that immobilized DNT-scFv-3 can bind free DNT molecules (Fig. 4(b) ).
In conclusion, we have successfully isolated an scFv clone that could be used for the detection of DNT. It specifically binds with high affinity to the DNT-derivative immobilized on surface, and free DNT also bound the surface immobilized scFv. The isolated scFv clone (or its genetic variants) could be used as a recognition molecule for explosives sensor.
